Salmonella enterica encodes a type III secretion system within a pathogenicity island located at centisome 63 that is essential for virulence. All type III secretion systems require the function of a family of low-molecularweight proteins that aid the secretion process by acting as partitioning factors and/or secretion pilots. One such protein is SicA, which is encoded immediately upstream of the type III secreted proteins SipB and SipC. We found that the absence of SicA results in the degradation of both SipB and SipC. Interestingly, in the absence of SipC, SipB was not only stable but also secreted at wild-type levels in a sicA mutant background, indicating that SicA is not required for SipB secretion. We also found that SicA is capable of binding both SipB and SipC. These results are consistent with a SicA role as a partitioning factor for SipB and SipC, thereby preventing their premature association and degradation. We also found that introduction of a sicA null mutation results in the lack of expression of SopE, another type III-secreted protein. Such an effect was shown to be transcriptional. Introduction of a loss-of-function sipC mutation into the sicA mutant background rescued sopE expression. These results indicate that the effect of sicA on sopE expression is indirect and most likely exerted through a regulatory factor(s) partitioned by SicA from SipC. These studies therefore describe a surprisingly complex function for the Salmonella enterica type III secretion-associated chaperone SicA.
Salmonella spp., as well as other pathogenic gram-negative bacteria, have evolved a specialized protein secretion system, termed type III, that mediates the delivery of bacterial proteins into the host cell (11, 17) . These bacterial proteins either antagonize or stimulate host-cell responses for the pathogen's benefit. Salmonella enterica encodes at least two of these systems, one at centisome 63 and the other at centisome 31 (10) . The centisome 63 type III secretion system is required for the interaction of Salmonella with the intestinal epithelium, while that at centisome 31 appears to be essential for the establishment of systemic infection.
Type III secretion systems are very complex and require the function of more than 20 proteins (11, 17) . A subset of these proteins form a supramolecular structure resembling a needle (needle complex) that spans the bacterial envelope (22) . One feature of type III secretion systems is the requirement of a unique family of cytoplasmic proteins that share a number of structural features: (i) low molecular weight, (ii) low isoelectric point, and (iii) predominantly ␣-helical secondary structure (33) . Although the actual function of this protein family is poorly understood and the subject of some controversy, it is clear that they act as chaperone-like molecules and are required for the stability and/or the secretion of their cognate proteins. Unlike conventional chaperone molecules, however, the type III secretion-associated chaperones do not have the capacity to hydrolyze ATP and exert their activity over a discrete number (most often one) of cognate proteins. Thus, in these systems, the absence of a given chaperone results in either the premature degradation of the cognate protein(s) and/or the abolition of its secretion (3, 6, 8, 25, 26, 31, 32, 34) .
For many members of this protein family, the physical interaction with their cognate proteins as well as their binding sites have been established (8, 26, 31, 32, 34) .
One member of this type III secretion-associated chaperone family is the S. enterica serovar Typhimurium SicA protein (21) . SicA has primary amino acid sequence similarity with IpgC from Shigella spp. (1) and SycD (LcrH) from Yersinia spp. (2) , which are known to exert chaperone-like functions in related type III secretion systems. Although SicA has been shown to be required for Salmonella entry into host cells (21) , nothing is known about its function. Its sequence similarity with type III secretion-associated chaperones coupled to the fact that it is encoded immediately adjacent to the type III secreted proteins SipA, SipB, SipC, and SipD suggest that SicA may exert its function by serving as a chaperone for any or all of these type III secreted proteins.
In this paper, we describe a complex function for SicA. We show that SicA functions to partition and stabilize the SipB and SipC type III secreted proteins. In addition, we show that SicA plays an indirect role in the expression of SopE, which is also a target of the type III secretion system. We postulate that SicA exerts this latter function by partitioning a factor(s) required for sopE expression.
MATERIALS AND METHODS
Basic media and growth conditions for bacterial strains. Bacterial strains were grown in L-broth or on L-agar plates (23) . Inducing medium refers to L-broth with the final NaCl concentration increased to 0.3 M from 0.09 M. Incubation was at 37°C, with rotation at 30 rpm. Antibiotics, when appropriate for selection, were used at the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 30 g/ml; kanamycin, 50 g/ml; streptomycin, 100 g/ml; and tetracycline, 10 g/ml.
Preparation of culture supernatant proteins and whole-cell extracts from S. enterica serovar Typhimurium by TCA precipitation. Bacterial overnight cultures were grown in L-broth with appropriate antibiotics and subcultured at a dilution of 1:17 in 10 ml of inducing medium. At an optical density of 0.8 at 600 nm, bacteria were harvested in an SS34 rotor in a Sorval superspeed centrifuge at 9,200 rpm for 30 min at 4°C. Supernatants were subjected to an additional spin in a fresh tube, and 8.5 ml was subsequently filtered through a 0.45-m-pore-size low protein binding syringe filter (Gelman Sciences, Ann Arbor, Mich.). An aliquot of filtrate was plated on L-agar to verify the absence of bacterial cells from the preparation, and then 100% trichloroacetic acid (TCA) was added to the filtrate to a final concentration of 12% and incubated on ice for either 2 h or overnight. Supernatant proteins were precipitated at 11,500 rpm at 4°C for 30 min. The resultant protein film was washed and resuspended in 26 l of phosphate-buffered saline (PBS) (pH 7.0) containing 77 mM Tris-HCl, pH 8.0.
Western immunoblot analysis. Samples were separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, N.H.) per standard methods. Immobilized proteins were probed with specific monoclonal antibodies and visualized by enhanced chemiluminescence (Pierce Chemical Co., Rockford, Ill.).
Coimmunoprecipitation. Bacterial overnight cultures were subcultured 1:20 in 20 ml of inducing medium with antibiotics and grown to an optical density of 0.8 at 600 nm. Bacterial cells were pelleted and washed with an equal volume of Hanks buffered saline solution (HBSS; Gibco-BRL, Gaithersburg, Md.). The final pellet was resuspended in 1.5 ml of HBSS and maintained on ice during sonication for the minimum amount of time required to observe cleared lysate (40-to 50-s pulse) with an HSU200LF probe in a W380 Ultrasonic Processor (Heat Systems Ultrasonics, Inc., Farmingdale, N.Y.). The cycle time was continuous with a 50% duty cycle. Unbroken cells were removed by two 10-min centrifugations at maximum speed in a microcentrifuge. A 0.5-ml volume of cleared lysate was transferred to a fresh Eppendorf tube and brought to a final volume of 0.9 ml with HBSS. To this was added 70 l of a 50% slurry of Protein A Sepharose (CL-4B; Pharmacia Biotech AB, Uppsala, Sweden) that had been washed four times with a 10ϫ bed volume of HBSS. Polyclonal antibody directed against SipB and/or SipC was added with the slurry simultaneously at a dilution of 1:100. Immunoprecipitation was carried out at 4°C with end-over-end rotation for 1 h. The Protein A Sepharose was gently pelleted for 30 s at 5,000 rpm in a microcentrifuge, and 0.1 ml of supernatant was reserved in a final concentration of 1ϫ SDS-PAGE protein loading buffer on ice for later analysis. Sepharose beads were then washed four consecutive times with 1 ml of HBSS by inverting three times quickly by hand and gently pelleting as above. Washed beads were resuspended in 65 l of 50 mM Tris (pH 8)-0.4% SDS loading buffer and boiled. Samples were resolved in SDS-10 or 15% polyacrylamide gels at a 30% acrylamide-to-0.8% bisacrylamide ratio.
Metabolic labeling and immunoprecipitation. Metabolic labeling and pulsechase experiments were carried out as described before (8) . Immunoprecipitations were carried out as described elsewhere (8) by using polyclonal antibodies directed against SipB and SipC.
C2,3O and ␤-galactosidase assays. Bacterial overnight cultures were subcultured at a 1:20 dilution in 20 ml of inducing medium and grown to an optical density of 0.8 at 600 nm. Bacterial cells were pelleted, washed with 5 ml of cold 20 mM potassium phosphate buffer (pH 7.2), and repelleted. Pellets were resuspended in 1.5 ml of cold APB (10% acetone, 100 mM potassium phosphate buffer [pH 7.5]) and sonicated on ice for 1 min to disrupt cells. Extracts were centrifuged at maximum speed in a microcentrifuge for 10 min at 4°C to remove cellular debris. Total protein concentration was determined with the Pierce BCA Protein Assay Reagent, and known concentrations of bovine serum albumin were used as standards as dictated by the manufacturer (Pierce Chemical Co.). C2,3O activity was determined by following the increase in absorbance at 375 nm at room temperature due to accumulation of 2-hydroxymuconic semi-aldehyde in 3-ml polypropylene reaction cuvettes. Briefly, 2.5 ml of 100 M potassium phosphate buffer (pH 8.0), 0.45 ml of APB, 50 l of extract, and 10 l of 100 mM catechol were mixed, normalized against a blank containing all of the above ingredients excluding extract, and immediately read at an optical density of 375 nm. Extract concentration was adjusted to obtain a reaction rate at which product formation increased the optical density by no more than 0.005 per s. One mUnit corresponds to the formation at room temperature of 1 nmol of 2-hydroxymuconic semialdehyde per min per mg of protein. The molar absorption coefficient was 42,000. Calculations were performed with the following formula:
, where V BCA is the volume of extract used to determine total protein concentration, V C2,3O is the volume of extract used in the C2,3O assay, A 375 is the absorbance at 375 nm at end of time T, T is the time required to reach A 375 , Y is the amount (in micrograms) of protein in V BCA , as calculated from the linear quadratic equation of the protein standard curve, and D is the dilution factor (i.e., V final /V sample ). The levels of ␤-galactosidase were measured as described previously (35) .
Recombinant DNA techniques and plasmid and strain constructions. Recombinant DNA techniques were performed according to standard procedures (24) . Bacterial strains are listed in Table 1 . All strains were made electrocompetent as described elsewhere (28) and transformed with DNA via Gene Pulser (Bio-Rad Laboratories, Richmond, Calif.). S. enterica serovar Typhimurium sipD mutants were constructed as follows. A Pseudomonas putida Tol plasmid gene, xylE, that encodes catechol-2,3-dioxygenase (C2,3O) (18) and which lacks a promoter and transcriptional terminator was excised with BglII from pSB383 (19) and inserted into the compatible BamHI site of sipD in pSB412 (20) , yielding plasmid pSB1484. A 4.1-kb HindIII fragment was moved from pSB1484 into the same sites of pBSL86 to yield pSB1487. This was digested with SmaI, and a 4.1-kb fragment was moved into the same site of pSB890, a suicide vector derived from pSB377 that can be counterselected for with sucrose (19) , to yield pSB1488. This plasmid was maintained in, or conjugated into, SB300 (wild type) or SB221 (sicA) with the E. coli strain SM10 pir. Transconjugants that were streptomycin resistant, sucrose resistant, tetracycline sensitive, and positive when tested for C2,3O activity were confirmed for allelic exchange by Southern blot analysis (data not shown) and designated SB320 and SB267, respectively.
To construct the S. enterica serovar Typhimurium strain SB265, in which sicA and sipB are deleted and replaced with a cassette that confers kanamycin resistance, the following strategy was employed. An NsiI-EcoRI fragment was deleted from pSB810 (21) , and the remaining vector was made blunt with T4 polymerase. An aphT cassette lacking the transcriptional terminator for this gene but containing its promoter (12) was subcloned from pSB80 as a HincII fragment and inserted into filled-in pSB810, resulting in pSB701. A 2.7-kb XbaI-KpnI fragment of pSB701 was blunted as above and moved into the SmaI site of the R6K-derived suicide vector pSB890 (14) to yield pSB1489. This vector was conjugated into SB300 (wild type) via SM10 pir. Transconjugants that were streptomycin resistant, kanamycin resistant, sucrose resistant, and tetracycline sensitive were confirmed for allelic exchange by Southern blot analysis (data not shown).
P22HTint-mediated transduction (30) was used to construct SB266, an S. enterica serovar Typhimurium strain that carries null mutations in both sicA and sipC, and the allelic exchange was confirmed by Southern hybridization analysis.
SB319, which expresses a chromosomally encoded M45-epitope-tagged SicA, was constructed by allelic replacement with the R6K-derived suicide vector pSB890 (13) . M45 epitope tagging of SicA and SipD was accomplished with the tagging vector pSB616 (5) . The M45 epitope is derived from the adenovirus E4-6/7 protein and is recognized by the M45.7 monoclonal antibody (29) .
RESULTS
sicA affects the intracellular and extracellular levels of SipB and SipC. We have previously shown that mutations in sicA significantly impair the ability of S. enterica serovar Typhimurium to invade cultured Henle-407 cells (21) . sicA is encoded within the centisome 63 pathogenicity island immediately upstream of sipB and sipC, two genes required for Salmonella entry into host cells. Because of the proximity of these genes to one another, their shared invasion phenotype, and the sequence similarity between SicA and known chaperones of type III secretion systems, the effect of a sicA null mutation on the levels of Sip proteins was examined. SipB and SipC appeared to be absent in culture supernatants and wholecell lysates of the sicA mutant strain, as examined by Western immunoblot analysis with monoclonal antibodies directed against SipB and SipC (Fig. 1) . The presence of SipB and SipC in the culture supernatants and whole-cell lysates of the sicA mutant was restored by the introduction of a sicA-complement- ing plasmid indicating that the observed effect of the sicA mutation is not due to polarity on downstream genes (Fig. 1 ).
An invA mutant that is defective for type III secretion was included as a control (Fig. 1) . These results indicate that SicA influences the levels of SipB and SipC.
SicA affects SipB and SipC protein stability. To investigate whether SicA affects the levels of SipB and SipC by influencing their stability, a pulse-chase experiment was undertaken. Cultures of wild-type and sicA mutant strains were subjected to metabolic labeling with [
35 S]methionine and [ 35 S]cysteine for 2 min and subsequently chased with cold amino acids. The levels of radiolabeled SipB and SipC over time were then determined by immunoprecipitation and SDS-PAGE analysis. As shown in Fig. 2 , in the sicA mutant strain the levels of SipB and SipC were drastically reduced even at the earliest sampling time and these proteins were virtually undetectable after a 10-min chase. In contrast, in the wild type, the levels of SipB and SipC change slowly over time, and these proteins could still be detected after a 60-min chase (Fig. 2) . These results indicate that SicA affects the stability of SipB and SipC.
To address the possibility that the absence of SipB and SipC in the sicA mutant strain could be due to transcriptional effects of the sicA mutation (see below) on the sip operon, we measured the transcription of sipC both in the wild type as well as in a sicA::aphT mutant background. As shown in Fig. 3 , the levels of sipC::xylE transcription were equivalent in both the wild-type and the sicA::aphT mutant strains, supporting a role for SicA on the stability of SipC and SipB. Nevertheless, these results do not address a potential additional role of SicA on the 
FIG. 3. Effect of a loss-of-function mutation in
sicA on the expression of sipC. The levels of C2,3D in the S. enterica serovar Typhimurium strain SB227, which carries an sipC::xylE gene fusion, and in its derivative strain SB266, which carries a loss-of-function mutation in sicA, were measured as described in Materials and Methods. Activity is expressed as percentage of wild-type activity, which was considered 100. expression of the sip operon, since in this experimental setup, the expression of the sip genes is under the control of the aphT promoter driving the expression of downstream genes (see Materials and Methods).
SicA does not affect the stability of InvJ, SipA, and SipD. We tested the possibility that sicA may exert a more global effect on the stability of other type III-secreted proteins. We examined the levels of several type III-secreted proteins in an S. enterica serovar Typhimurium sicA mutant strain by Western immunoblot analysis with monoclonal antibodies directed to InvJ or the M-45 epitope present in chromosomally encoded tagged versions of SipA and SipD. As shown in Fig. 4 , the absence of sicA did not affect the stability of either of these proteins. These results indicate that SicA influences the stability of only a subset of type III secreted proteins.
SicA interacts with SipB and SipC. We examined whether SicA could interact with SipB and SipC as might be predicted if SicA behaves in a manner analogous to those of its homologous proteins IpgC of Shigella spp. (25) or SycD of Yersinia spp. (26) . The interaction between SicA and its cognate substrates SipB and SipC was examined by coimmunoprecipitation analysis. Equal amounts of whole-cell lysates of an S. enterica serovar Typhimurium strain expressing a functional epitope-tagged SicA were immunoprecipitated with polyclonal antibodies directed to either SipB or SipC. The resulting immunoprecipitates were analyzed by Western blotting using an antibody directed to the M45 epitope tag present in SicA. As shown in Fig. 5 , epitope-tagged SicA was observed in the immunoprecipitates of the samples treated with polyclonal antibodies directed to SipC and SipB but not in immunoprecipitates of the samples treated with the preimmune sera. These results indicate that SicA is capable of interacting with both SipB and SipC, and it is consistent with its postulated role as a chaperone or partitioning factor for these secreted proteins.
SipB is stable and secreted in a sicA sipC double-mutant strain. It has been postulated that members of the type III secretion-associated family of chaperones exert their function at least in part by acting as partitioning factors that prevent the premature cytoplasmic association between substrates of the type III secretion machinery. It is believed that this premature association leads to the degradation of the interacting proteins. If SicA prevents the cytoplasmic association of SipB with SipC, thereby preventing their premature degradation, it follows that absence of one of the cognate interacting proteins may lead to the stability of the other in the absence of SicA.
We tested this hypothesis by analyzing the stability of SipB and SipC in a sicA mutant background and in the absence of either SipB or SipC, as appropriate. As shown in Fig. 6 , SipB was readily detectable in both culture supernatants and wholecell lysates of a sicA sipC double-mutant strain. Introduction of a plasmid encoding SipC into this strain resulted in the degradation of SipB, as this protein could not be detected in culture supernatants or whole-cell lysates of the complemented strain (data not shown). These results indicate that SicA prevents the cytoplasmic association between SipB and SipC and that in the absence of such association, SipB is not only stable but also secreted at wild-type levels. These results also indicate that SicA is not essential for SipB secretion in the absence of SipC.
We also examined the stability of SipC in a sicA sipB doublemutant background. In contrast to SipB, we could not detect SipC in either culture supernatants or whole-cell lysates of this double-mutant strain (Fig. 6) . The absence of SipC from this mutant strain cannot be explained by a transcriptional effect of the mutation, as expression of SipC in this mutant background is driven by the aphT promoter present in the cassette located immediately upstream of sipC (see Materials and Methods and Fig. 3 ). Upon reintroduction of sicA into this mutant strain, SipC was detectable in both whole-cell lysates and supernatant fractions (data not shown). These results indicate that SicA is most likely serving to protect SipB from an undesirable interaction with SipC, but that its role in stabilizing SipC may entail Whole-cell lysates of the S. enterica serovar Typhimurium strain SB319 which expresses a functional, chromosomally encoded, M45-epitope-tagged form of SicA were immunoprecipitated with antibodies directed to SipB, SipC, or a preimmune serum (Pre), as described in Materials and Methods. Proteins that bound to the beads (P) or that remained in the supernatant (S) were probed by Western immunoblotting for the presence of M45-SicA with a monoclonal antibody directed to the M45 epitope.
(i) partitioning SipC from an as-yet-unidentified interacting partner/s, (ii) capping of a degradation signal in SipC, or (iii) preventing SipC from misfolding, which would lead to degradation.
We compared the production of SipB and SipC in sicA strains carrying null mutations in other type III secreted proteins to ascertain if any other mutant combination could affect the production of these proteins in a manner similar to that of sicA sipC double mutants. As shown in Fig. 6 , SipB and SipC were not detected in a sicA sptP, sicA sipA, or sicA sipD doublemutant combinations, suggesting that SicA may not partition SipC from these secreted proteins. Alternatively, more than one effector protein may need to be absent in order to reveal with this strategy the potential SicA-mediated partitioning of SipC from other effector proteins.
sopE expression is dependent on SicA. Examination of the profile of total secreted proteins present in the culture supernatants of the sicA mutant strain revealed the absence of proteins other than SipB and SipC when compared to the wild type (Fig. 7) . In particular, a protein with a molecular mass of 25 kDa, which corresponds to SopE, was conspicuously absent from culture supernatants of the sicA mutant. This observation suggested the possibility that SicA may also act as a chaperone for SopE and other substrates of the type III secretion system. To begin to investigate this possibility, we examined the levels of sopE transcription in a sicA mutant background by using reporter gene fusions. Surprisingly, the transcription of sopE was completely abrogated in a sicA mutant background, indicating a requirement of sicA for sopE transcription and most likely not for its stability (Fig. 8) . In contrast, the transcription of the sit operon, which encodes an iron transport system and is also contained within SPI-1, was not affected, ruling out a global effect of the absence of SicA on gene expression. Introduction of a sipC null mutation in the sicA mutant strain restored the production of SopE to wild-type levels ( Fig. 7 and  8 ). In contrast, introduction of a sipB or sipD null mutation into the sicA mutant strains did not (Fig. 7) . These results argue that SicA does not exert a direct effect on the transcription of sopE. Rather, these results are consistent with SicA influencing the stability of another factor which may partition with SipC and may be directly responsible for activating the transcription of sopE and other effector proteins. Such a factor cannot be any of the Sip proteins since SopE is produced at wild-type levels in strains carrying null mutations in sipB, sipC, sipD, or sipA (data not shown). Furthermore, the effect of such a factor must be restricted to only a subset of the type III secreted proteins since a mutation in sicA did not affect the expression of other type III secreted proteins, such as InvJ (Fig. 3) .
DISCUSSION
Secretion of proteins via the type III secretion systems requires the function of a family of low-molecular-weight accessory proteins that are believed to work as chaperones or par- FIG. 6 . SipB is stable and secreted in a sicA sipC double-mutant strain. Culture supernatants and whole-cell lysates of wild-type S. enterica serovar Typhimurium and several isogenic mutant strains were probed for the presence of SipB and SipC by Western immunoblotting with monoclonal antibodies directed to these proteins. titioning factors (33) . Although the function of these chaperones have been studied extensively, particularly in Yersinia spp., their mechanism of action remains poorly understood. We have shown here that SicA exerts functions consistent with its putative role as a type III secretion-associated chaperone. Our results are consistent with SicA playing a role as a partitioning factor that prevents the premature association between SipB and SipC: (i) the absence of SicA resulted in the degradation of both SipB and SipC, and (ii) SicA was shown to bind to both these proteins. In this context, the function of SicA is consistent with the role postulated for the related protein IpgC from Shigella spp. IpgC has been shown to be required for the stability of the secreted invasins IpaB and IpaC by preventing their premature association within the bacterial cytoplasm (25) .
We found that in a sipC mutant background strain, the absence of SicA did not lead to the degradation of SipB. These results indicate that SicA may prevent the premature interaction of SipB with SipC, which may lead to their targeting for degradation. In contrast, in a sicA sipB double-mutant background, SipC was still targeted for degradation. These results suggest that SicA may partition SipC from other bacterial effector proteins or may prevent the self-association of SipC, either event perhaps resulting in the degradation of this protein. These results also suggest a more central role for SipC in the organization of the complex of secreted proteins destined to be translocated into host cells. Indeed, both SipB and SipC have been shown to be essential for the translocation of effector proteins into the host cell (4, 9) .
The phenotype of the sicA sipC double mutant resembles that of the sycD lcrV mutant of Yersinia (26) . In Yersinia, the absence of SycD leads to the degradation of the type III secretion translocases YopB and YopD. However, in the absence of lcrV, SycD is no longer required for the stability of YopB and YopD. Thus, the parallel between these phenotypes in Yersinia and Salmonella, coupled to the amino acid sequence similarity between SicA and SycD and their association with proteins involved in the translocation of effectors into the host cell, suggests a common mechanism for this subset of the type III secretion-associated family of chaperones.
Our results do not support a role for SicA in the actual secretion process since in the sicA sipC double-mutant strain, SipB was secreted at wild-type levels. However, these results do not rule out a role for SicA in establishing the timing of secretion of the Sip proteins. Indeed, the biology of the invasion-associated type III secretion system of Salmonella indicates that it is very likely that secretion of different proteins must be temporally regulated since at least some of these effector proteins must act in a temporally coordinated fashion (7) . It is possible that the type III secretion-associated chaperones may play a role in this aspect of the function of these systems.
In examining the total protein profile of culture supernatants of a sicA mutant strain, we observed the absence of several type III secreted proteins other than SipB or SipC. This observation prompted us to examine the potential role of SicA in stabilizing these effector proteins similar to its role in stabilizing SipB and SipC. Surprisingly, we found that the absence of the secreted proteins in the sicA mutant strain was the result of the abrogation of their expression rather than their degradation. However, the absence of SicA did not affect the expression of invJ, which also encodes a type III secreted protein. These results therefore indicate that SicA influences the expression of only a subset of type III secreted proteins. Introduction of a sipC loss-of-function mutation into the sicA mutant strain restored the expression of SopE. These results imply that the transcriptional effect of SicA is most likely indirect and that the expression of sopE must be controlled by a factor(s) partitioned from SipC by SicA. The absence of SicA, therefore, would result in the degradation of such a putative regulatory protein. Experiments are underway to identify such a regulatory factor. Transcriptional regulatory activities have previously been postulated for SycD, a SicA-related chaperone in Yersinia spp. (2) . However, such regulatory function is thought to be indirect through its function in the type III secretion system (26) . Further studies will be required to establish FIG. 7 . Culture supernatant protein profiles of wild-type and isogenic mutant strains of S. enterica serovar Typhimurium. Culture supernatants proteins from the different strains of S. enterica serovar Typhimurium were separated by SDS-PAGE and visualized by Coomassie blue staining, as described in Materials and Methods.
FIG. 8. Effect of a loss-of-function mutation in sicA on the expression of sopE. The levels of ␤-galactosidase in the S. enterica serovar Typhimurium strain SB876, which carries a sopE::lacZ gene fusion, and its isogenic derivative strains SB879 and SB1235, which carry loss-of-function mutations in sicA or in sicA and sipC, respectively, were measured as described in Materials and Methods. Activity is expressed as percentage of wild-type activity, which was considered 100. As negative controls, levels of ␤-galactosidase were measured in the S. enterica serovar Typhimurium strain SB804, which carries a sitB::lacZ gene fusion (wild type), and its isogenic derivative strains of SB1234, which carry loss-of-function mutations in sicA.
whether SycD and SicA exert their regulatory function in a similar manner.
In summary, our results indicate that SicA exerts a chaperone or partitioning function that prevents the premature association between SipC and SipB and perhaps other yet-unidentified proteins, including one or more that may control the expression of other type III secreted proteins. These results also suggest that SicA exerts a more complex activity than that of other type III secretion-associated chaperones, such as SicP, which seem to act on a single substrate and do not seem to affect the transcription of other type III secreted proteins (8) . Thus, as previously postulated for Yersinia, it appears that in Salmonella there are also two types of type III secretion-associated chaperones: one class which exerts their function on a single effector protein represented by SicP (8) and presumably pipC/sigE (16, 27) , and the other class represented by SicA, which is multivalent and exerts its function over proteins involved in translocation of effectors into host cells.
